We show that proper doping of the barrier regions can convert the well-known type11 InAs/AlSb QWs to type I, producing strong interband transitions comparable to regular type-I QWs. The interband gain for TM mode is as high as 4000 l/cm, thus providing an important alternative material system in the mid-infrared wavelength range. We also study the TE and TM gain as functions of doping level and intrinsic electron-hole density.
It is well-known that InAs/AlSb QWs have type-I1 bandedge lineups where spatial separation of electrons and holes leads to week or vanishing interband dipole matrix elements, except for very narrow InAs layers of a few monolayers. This fact precludes InAs/AlSb from being used as an interband gain material. This is particularly an unfortunate situation since the bandgap of InAs is in the mid-wave infrared wavelength (MWIR) region, where applications are abundant, yet light sources are scarce and still to achieve mature status.
While photoluminescence has been measured for InAs QWs [l- 41, yet there has not been a device application based on interband transitions. Most of recent papers on this material system focus on intersubband transitions and the possible device applications in the MWIR and THz wavelength ranges.
In this letter, we show that proper doping in the InAs/AlSb heterostructure converts an InAs layer from a barrier to a well for holes, thus converting a type-I1 heterostructure into a type-I due to the associated band bending. We show that the resultant dipole matrix elements and the interband gain are comparable to those of typical type-I structure. Both dipole moments and optical gain increase significantly with doping level. TM mode optical gain can be as high as 4000 l/cm. We believe that such doped InAs/AlSb quantum well may provide an interesting alternative to the materials system for MWIR generation.
The model structure we consider is an InAs layer of 10 nm sandwiched between two AlSb layers of 21 nm each. A fraction (10 nm in thickness) of the AlSb layers on both sides of the well is doped uniformly with a total 2D density in the range of 1 x to 5 x 1012cm-2. Between the InAs and the doped layer there is an undoped spacer layer of 6 nm on both sides of the QW. We start by performing a self-consistent band structure calculation based on the 8
band .j? model with strain effects treated using the standard Pikus-Bir model, coupled to the Poisson equation. In this paper we assume that AlSb layers are unstrained as is often the case in such samples and therefore the InAs QW is subject to tensile strain. Such a calculation is more or less standard [8] and the equations will not be repeated here. The only difference is that we use the approach of Ref. [9] to avoid the spurious states. Typical values of parameters are chosen from Ref. [lo] . We mention in particular the valence band offset between InAs and AlSb chosen to be 180meV, which is the upper limit in the range of uncertainty. The required doping densities will be reduced if smaller valence band offset parameter is used. In addition to the doping density, we also assume that electron hole pairs (called e-h density) are present which could be optically generated or injected electrically.
In the following, we vary the values of the doping density and the e-h density for a given study. Thus the structure now becomes practically a type-I QW for light holes. Since the first heavy hole band is still energetically higher than its bandedge profile (thick dashed line) in the InAs region, the structure is still like coupled double wells for heavy holes. Heavy holes are still predominately in the interface area with very small amplitude in the center of InAs layer. It is interesting and important to note that the ground state changes from heavy hole I band at low doping density (Fig.l(a) ) to light hole band at high doping density (Fig.l(b) ).
At the low doping density, the heavy hole band is energetically higher because of the heavy mass. At the high doping density, however, the strong band bending leads to an effective, much wider well for light holes. The increase in effective well-width overcomes the effects of smaller mass and leads to a smaller quantization energy than for heavy holes, which still sees two coupled triangle wells with more or less the same width. In short, we see that doping induced band bending leads to a transition from a type-I1 to type-I heterostructure.
To study the effects of doping on interband transition matrix elements, we plot dipole matrix elements between the first electron subband and the light hole subband in Fig.2. Without doping, the dipole matrix elements are almost zero for low e-h density. We see that the dipoles increase with doping density. This is because of the increased spatial overlap between electrons and holes as the structure becomes more type-I like with increasing doping density. In addition, we see that, at relatively low doping density, the dipole also increases with e-h density. This is because both electrons and holes are attracted t o the interface regions, an effect that is responsible for interband gain in other type-I1 structures [ll] . This is a smaller effect however, compared to the dipole increase due to doping. The TM dipole changes only by about 0.5nm within the e-h density change of 3 x while it changes by about 1 nm with the change of doping density in the same range. At high doping level, the structure becomes already type-I. Further increase of e-h density does not help to increase the overlap any more. This is why, at the high doping level, all the curves for different e-h densities differ by little. In other words, the dipole moments become less sensitive to e-h density when the doping density is high. Another important point is that the TM dipole is 3-4 times larger than the TE dipole. This can be understood by comparing the bandedge profiles and wave functions for heavy and light hole bands.
We also calculated optical gain for the T E and TM modes using standard gain expression [8] . We use a Gaussian lineshape with the homogeneous linewidth of 10 meV.
This linewidth value is in the upper range of the usually used value. The gain calculated in the following will be even larger if smaller linewidth is used. Examples of calculated spectrum are shown in Fig.3 , where the e-h density is fixed, while TM and TE spectra are shown for various doping levels. As seen clearly, both peak gain magnitude and gain peak frequency change with doping level. The significant increase of gain magnitude is due to the increasing overlap of the electron and hole wavefunctions and increased electrons and holes in the InAs layer. We note that there is also an increase of the bandedges (lower energy edges of gain spectra) with doping density. This is mainly because the increased band bending leads to an energy increase of the ground state in the conduction band. At the same time, the transparency energy increases due to the increase of electrons with doping.
Finally peak gain is shown in Fig.4 for both TE and T M polarizations as a function of e-h density for various given doping densities. There are a few features worth noticing here:
First, the TM gain is about 8 times larger than the TE gain. This is again mainly due to the large wavefunction overlap and the type-I transitions between conduction and light hole bands, while the overlap between conduction band and heavy hole band remains weak.
Second, the magnitude of the TM mode gain is quite large (maximum 4000 l/cm!) for this wavelength region. Such magnitude is comparable to typical gain values seen for near infrared range, such as in InGaAs QWs. The T E gain is comparable to that of interband cascade lasers [12] . The third feature of the peak gain curves is the slower increase at the lower density region and the apparent absence of saturation for higher doping levels within the e-h density range we studied. This should lead to a less sensitive dependence of differential gain on e-h density than in standard type I and type I1 structures. In a typical type I structure without doping, the peak gain increases rapidly with density, reaches a saturation, and then starts to increase more gradually. This leads to a large differential gain at low density, but a dramatically reduced one for relatively high density. The lower panel of Fig. 4 shows the frequency of the gain peak as function of e-h density for both polarizations at various doping levels. We see that the peak frequency can be tuned by the doping level in the range of 340-390 meV (3.6-3.2 pm in wavelength).
In summary, we demonstrated that proper doping can convert a well-known type I1
QWs such as InAs/AlSb into a type I structure, thus transforming an interband-inactive material system into a highly efficient interband gain structure. The TM gain is almost 10 times as large as in other MWIR gain material systems. We believe that this leads to an alternative gain structure in the technologically important MWIR wavelength range.
Finally, this approach could be used to create gain material in other wavelength regions where lasing structures are still in great demand. An extension of this approach to other material systems and wavelength ranges will be discussed in a separate publication. 
